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Abstract 
The linear programing optimization technique is used for system optimal design. The objective function was set to minimize the 
system cost. Cost of energy (COE) was also considered. The average solar irradiance and average ambient temperature of 
Thailand are 800 W/m2 and 30 oC, respectively. The electrical load profile varies with time of the day that is dependent on the 
activity patterns and the type of appliances used. The optimization results shows that  the optimal size of PV array, fuel cell (FC) 
and electrolyzer (ELE) capacity were 5.50 kW, 1.80 kW, and 2.44 kW, respectively. Whereas the minimum system cost was 
516,800 Baht. The long-term performance analysis of a standalone PV-FC hybrid system under Thailand climate is showed with 
normalized yearly analysis as follows; the monthly final yield Yf  is 3.55 h/d. The corresponding performance ratio PR ranges 
from 40 to 53%. The capture loss (LC) and system loss (LS) range from 0.46 h/d to 0.80 h/d and 1.73 h/d to 3.01 h/d, 
respectively. 
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1. INTRODUCTION 
Presently, an energy crisis is badly affecting the world economy with social and environmental consequences. 
The main problems come from fossil fuels, such as oil, gas and coal, which will be depleted in the near future. 
Petroleum will be exhausted especially quickly, within 50 years [1]. The world’s fossil fuel energy reserves have 
rapidly decreased, while the energy demand has increased due to population growth, economic growth, industrial 
growth and technology advances, all of which affect the environment by the production of greenhouse gases (mainly 
Carbon Dioxide, CO2). In 1971, 1,500 million ton of CO2 were emitted, and this figure has increased to 28,000 
million metric tons by 2005. Emissions are predicted to reach 43,000 million metric tons in 2035[2]. If there is no 
effort to reduce CO2 emission, climate change will cause disasters all around the world in the near future. Solar 
energy is the original source of almost all the energy that is consumed in daily life. Petroleum comes from the 
remains of animals and plants, but animals and plants cannot live without the sun.  Thus, 99.98 % of the world’s 
useful energy comes from the sun, while the other 0.02% comes from geothermal energy.  The amount of solar 
energy available on the earth is a million times greater than our current energy demands. Unit: million metric tons 
Photovoltaic (PV) power generation is an application of solar energy production that should be encouraged more to 
help solve the previously mentioned problems. However, the power generated by a PV system is highly dependent 
on weather conditions, especially solar irradiance and module temperature. For example, during cloudy periods and 
at night, PV systems do not generate any power. To overcome this problem, PV systems can be integrated with other 
alternate power sources and/or storage systems, such as wind, batteries, hydrogen storage tanks, and fuel cell (FC) 
systems. A FC is an attractive choice due to their high efficiency, fast load-response, flexible, non-moving part, and 
modular structure [3] for use with other alternative sources such as PV system. The PV and FC hybrid system have 
been installed in many countries [4-6] throughout the world and in various climate conditions. However, this system 
has never been studied or installed in Thailand. Then, the standalone PV-FC hybrid system will be studied through 
computer simulation program to optimize this system under Thai climate’s condition. 
 
2. INTRODUCTION DESCRIPTION OF HYBRID SYSTEM COMPONNETS 
2.1. System Components 
The PV-FC hybrid system consists of the main components as follow: photovoltaic array, fuel cell, DC/DC 
converter inverter and hydrogen storage tank. Each component has its own mathematical model which represents the 
activities of that component. The component models are collectively used for estimating the technical performance 
of the entire system. On the design of system, the size optimization system is very important, and leads to a good 
ratio between cost and performances. 
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Fig. 1. Schematic diagram of PV – Fuel cell power generation system 
 
3. MATHEMATICAL MODEL 
3.1. PV Model 
The PV output power, with respect to the solar irradiance and module temperature, can be calculated by 
theoretical, one diode, model as shown in equation [1];   
 
 Ip = Iph – Id - Irsh (1) 
 
 Vp = Voc – (Ip Rs) (2) 
 
Where: 
Ip = Maximum power current 
Iph/Isc = Photogenerated current / Short circuit current 
Id = Diode saturation current 
Ish = Shunt resistant current 
Vp = Maximum power voltage 
Voc = Open circuit voltage 
Rs = Series resistance 
 
 
 
 
 
 
 
3.2. Fuel Cell Model 
The voltage model of fuel cell can be calculated by semi-empirical model as shown in equation [3]; 
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E is the voltage of the fuel cell, i is current density, imax is the maximum current density of a fuel cell, Rohm is 
the ohmic resistance, and Uo, Ua, C1, C2, C3 B11, B12 and B2 are constant, which are determined empirically. 
3.3. Hydrogen Production Model 
According to Faraday’s Law, the hydrogen production rate of electrolyzer is directly proportional with the 
electrons transfer rate at the electrodes, which is equivalent to the current in the circuit. The hydrogen production 
rate of an electrolyzer (
2H
x
K ) can be found by Equation; 
 
 (4) 
KF  is Faraday’s efficiency; nc  is the number of cells in series and  n is the moles number of electrons per 
moles of water, n = 2  
 
The Faraday’s efficiency is defined as the ratio between the actual and theoretical maximum rate of hydrogen 
production in the electrolyzer. Or the Faraday’s efficiency can be found by an empirical equation as: 
 
 
 (5) 
 
ia  is constant parameters, (i = 1 to 7)  and  A  is electrode area. 
 
4. OPTIMIZATION SYSTEM 
4.1. Load demand under Study 
In different areas, the electrical load demand is different. The load demand depends on many parameters such as 
climatic conditions, the electricity price and cultural conditions. There are many applications, which appropriate 
with a standalone PV-FC hybrid system such as power supply in a household in remote area, telecommunication 
system, Tsunami sensor etc. For the optimization of standalone PV-FC hybrid system under Thailand’s climate 
conditions, the load profile of the hourly average electricity consumption is given as shown in Figure 2. 
nF
Inc
FH KK  
x
2
¸¸¹
·
¨¨©
§ 


 2
2
765
2
432
1 )/(/
exp
AI
TaTaa
AI
TaTaa
aFK
 Sukruedee Sukchai and Chatchai Sirisamphanwong /  Energy Procedia  56 ( 2014 )  309 – 317 313
 
Fig. 2. The hourly average electricity consumption. 
 
Fig.2 shows that the maximum electrical load is 1.50 kW. The minimum and average loads are 0.10 kW and 0.59 
kW, respectively. The daily and yearly energy consumptions are 14.20 kWh/d and 5183 kWh/year, respectively. 
 
4.2. The optimization of the PV-FC Hybrid System 
There are many optimization methods such as linear and nonlinear programming, probabilistic approach, 
dynamic programming and iterative techniques. In this dissertation, the linear programming optimization method is 
used for optimal design of a standalone PV-FC hybrid system under Thailand climatic condition. 
 
4.3. Objective Function: 
The objective function is defined as a summation of system component cost as cost of PV (fPV), cost of FC (fFC) 
and cost of electrolyzer (fElec). 
 
 
f(x) = fPV + fFC + fElec  [to minimize cost of system] (6)  
 
fPV = PPV,DC * (CPV + CInv) (7) 
 
fFC = PFC,AC/KINV_FC * (CFC + CInv_FC) (8) 
 
fElec = PElec,AC/KCon_Elec * (CElec + CCon_Elec) (9) 
 
PPV = PPV,AC / KINV_PV (10) 
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5. RESULTS AND DISCUSSION 
5.1. Optimization Results 
From the objective function and the system constrains, the relation between power output of PV, fuel cell and 
electrolyzer were plotted as three dimension, which is shown in Figure 3. 
 
 
Fig. 3. The relation between power output of PV, fuel cell and electrolyzer 
 
 
 
 
Fig. 4. The intersection area of the constrains and the direction of objective function 
Figure 4 shows the intersection area of constrains. And the direction of objective function or f(x) is increasing 
that mean the lower point of intersection area is the minimum of investment cost of a standalone PV-FC hybrid 
system under Thailand climatic condition. 
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Table 1. The cost of system components 
 
Components 
Life Time 
(Year) 
Capital Cost (Baht) 
Photovoltaic 20 30 Baht/WP 
Fuel Cell 5 60 Baht/W 
Electrolyzer 10 60 Baht/W 
Photovoltaic Inverter 10 10 Baht/W 
Fuel Cell Inverter 10 10 Baht/W 
Electrolyzer Converter 10 10 Baht/W 
 
Following the linear programming optimization method obtains the optimum size and capital cost of a standalone 
PV-FC hybrid system under Thailand climate. The results of the optimization are shown in Table 2. 
 
 
Table 2. The optimum parameters of a standalone PV-FC hybrid system under Thailand climate 
 
Parameters Capacity 
Photovoltaic Capacity 5.50 kW 
Fuel Cell Capacity 1.80 kW 
Electrolyzer Capacity 2.44 kW 
System Cost 516,800 Baht 
The above Table shows the optimum parameters of PV-Fuel cell hybrid system. The capacity of PV is 5.50 kW, 
FC is 1.80 kW, Electrolyzer capacity equal to 2.44 kW. So the system cost is 516,800 Baht. 
5.2. Simulation of the performance of PV-FC hybrid system 
The value from Table 2 and load profile from Fig. 2 are input into the simulation program. The flow chart of 
simulation program is shown in Figure 5. From the flow chart, the first step, optimal values are input into the 
simulation program. Then solar irradiance and ambient temperature will be calculated, after that PV power output is 
calculated. In case of PV power output is higher than load demand, the remained power from PV production will 
supply to electrolyzer to generate the hydrogen. If the PV power output is less than load, the fuel cell will turn on 
and supply electricity to load. The final step, the system performance will be evaluated. 
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Fig. 5 The flow chart of the standalone PV-FC hybrid system simulation program 
5.3. The simulation results 
The long-term performance analysis, the simulation is based on the models, which are tested and validated in the 
previous topic. Figure 6 shows the monthly values of performance ratio (PR), final yield (Yf), system loss (Ls) and 
array losses (Lc), respectively presented in bar diagrams for the standalone PV-FC hybrid system. 
 
 
 
Figure 6 Normalized yearly analysis of the standalone PV-FC hybrid system 
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The monthly final yield (Yf)  is 3.55 h/d. The corresponding performance ratio PR ranges from 40 to 53%. The 
capture loss (LC) and system loss (LS) range from 0.46 h/d to 0.80 h/d and 1.73 h/d to 3.01 h/d, respectively. From 
the simulation results, it shows that the performance of a standalone PV-FC hybrid system under Thailand climate is 
good performance when compare these results with the INTERNATIONAL ENERGY AGENCY PVPS TASK 2 
(IEA PVPS TASK 2) report that claim a good PV hybrid system expected PR must be in 40 - 60 % ranges 
 
6. CONCLUSION 
The linear programing optimization technique is used for system optimal design. The objective function was set 
to minimize the system cost. The electrical load profile varies with time of the day that is dependent on the activity 
patterns and the type of appliances used. The optimization results shows that  the optimal size of PV array, fuel cell 
(FC) and electrolyzer (ELE) capacity were 5.50 kW, 1.80 kW, and 2.44 kW, respectively. Whereas the minimum 
system cost was 516,800 Baht. The long-term performance analysis of a standalone PV-FC hybrid system is showed 
with normalized yearly analysis as the monthly final yield Yf  is 3.55 h/d. The corresponding performance ratio PR 
ranges from 40 to 53%. The capture loss (LC) and system loss (LS) range from 0.46 h/d to 0.80 h/d and 1.73 h/d to 
3.01 h/d, respectively. 
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